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产代用天然气过程中还可以实现副产浓缩 CO2，无需附加成本实现对 CO2 的富集
和分离。 
传统的甲烷化催化剂为氧化铝上负载的 Ni 基催化剂。Ru 基和 Co 基催化剂
活性高于 Ni 基催化剂，但成本高，Fe 基催化剂便宜易得但易积炭失活。Takenaka
研究了不同载体负载的 Ni 基催化剂上在 523 K 下 CO 甲烷化活性的高低顺序为：
Ni/MgO < Ni/Al2O3 < Ni/SiO2 < Ni/TiO2 < Ni/ZrO2。 
Hashimoto 等首次报道了对 CO2 甲烷化高催化活性的 Ni/(Zr-Sm)Ox 催化剂，
(Zr-Sm)Ox中以四方相结构存在的ZrO2是该催化剂对CO2甲烷化高催化活性的原
因。类似的，以 Ce 或 Sm 修饰也可以提高介孔 Ni/ZrO2 催化剂上 CO2 甲烷化的
活性。其他学者也研究了 Ni 基催化剂上 CO 和/或 CO2 甲烷化反应。然而，从实
用的角度出发，Ni 基催化剂的活性，尤其是操作稳定性，仍有待改进。 
本文开展 CO 和 CO2 共甲烷化制合成天然气用高效新型 Ni-ZrO2 催化剂的研
究，研发出一种 Yb2O3修饰的 Ni-ZrO2 催化剂，相比对应的不经 Yb2O3 修饰或以
Sm2O3 修饰的 Ni-ZrO2 催化剂，该催化剂显示出较高的 CO 和 CO2 共甲烷化活性
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一系列添加 Yb2O3 的 Ni-ZrO2 催化剂都经由所谓“并流共沉淀”制备，催化剂
前驱体经压片、破碎、过筛后取 40-80 目。 
1.2 Ni/Zr 摩尔比的优化 
不同Ni/Zr摩尔比(i/j)的一系列NiiZrj催化剂对CO和CO2共甲烷化催化活性的
调查结果显示， CH4是唯一的含碳产物。在七种测试的催化剂中，Ni6Zr4催化剂
显示出最高的催化活性，在0.1 MPa，573 K，V(H2)/V(CO)/V(CO2)/V(N2) = 
75/15/5/5，GHSV = 40000 mL h–1g–1的反应条件下，CO转化率为100%，CO2转化
率为85.26%，CH4时空产率为8.953 g h–1 g–1，而i/j分别为4/6、5/5、5.5/4.5、6.5/3.5、 
7/3和8/2时，在同样反应条件下，CH4时空产率分别为6.952、7.961、8.820、8.894、
8.879和8.865 g h–1 g–1。 
1.3 Yb/Zr 摩尔比的优化 
适量Yb2O3修饰可以显著提高Ni-ZrO2催化剂上CO和CO2共甲烷化的活性和
稳定性。不同Yb/Zr摩尔比(k/j)的一系列Ni6ZrjYbk催化剂催化活性的调查结果显
示，当k/j = 2/2时催化剂对CO和CO2共甲烷化显示出最高的催化活性，在0.1 MPa，
573 K，V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5，GHSV = 40000 mL h–1g–1的反应
条件下CO转化率为100%，CO2转化率为89.38%，CH4时空产率达9.110 g h–1 g–1，
而k/j分别为0/4、0.5/3.5、1/3、1.5/2.5、2.5/1.5和3/1时，在相同反应条件下，CH4
时空产率分别为8.953、8.993、9.044、9.077、9.057和8.799 g h–1 g–1。 
2. Ni6Zr2Yb2 催化剂上 CO 和 CO2 共甲烷化反应的活性 
2.1 不同原料气空速 
为找出最佳反应空速，考察了在 0.1 MPa，573 K 下不同原料气空速下
Ni6Zr2Yb2 催化剂上 CO 和 CO2 共甲烷化反应的活性。结果显示：从空速 20000 mL 
h–1g–1开始提高空速后CO2转化率下降，CO转化率和CH4选择性一直接近 100%，
在空速分别为 20000、30000、40000 和 50000 mL h–1g–1 下，CH4 时空产率分别为
4.680、6.934、9.110 和 11.115 g h–1g–1。为了同时得到高的 CO、CO2转化率、CH4
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在 0.1 MPa，V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5，GHSV = 40000 mL h–1g–1
的反应条件下，测试了 Ni6Zr2Yb2 催化剂上不同反应温度下 CO 和 CO2 共甲烷化
反应的活性。在反应过程中，当反应温度保持在 573 K 下时，共甲烷化反应中
CO 转化率保持 100%，CO2 转化率保持 89.38%，STY(CH4)为 9.110 g h–1 g–1，而
温度升至 673 K、773 K 和 873 K 时，CO 合 CO2 转化率为 98.04%和 64.74、90.54%
和 30.24%、60.53%和 17.24%。最后将温度降回 573 K，CO 和 CO2转化率恢复
为 100%和 87.32%。在高温下，共甲烷化反应 CO 和 CO2 转化率的下降很有可能
是受到热力学平衡的限制。 
2.3 不同反应压力 
增加反应压力有助于提高 CO 尤其是 CO2 的甲烷化转化率。在共甲烷化反应
的活性。结果显示：在 573K，V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5，GHSV = 
40000 mL h–1g–1，当反应压力分别为 0.1、0.5、1、2 MPa 时，CH4 的时空产率分
别为 9.110、 9.277、9.519 和 9.524 g h–1g–1。考虑到在 0.1 MPa 下催化剂已达到
很高催化活性以及加压操作的困难，我们选取 0.1 MPa 作为反应压力。 
3. Yb2O3 促进的 Ni-ZrO2 催化剂及文献报道催化剂体系的热稳定性 
所研发的Ni6Zr2Yb2催化剂用于CO和CO2共甲烷化反应的操作稳定性在 0.1 
MPa，V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5，GHSV = 40000 mL h–1g–1，573∼1073 
K 的反应条件下进行并与文献报道的 Ni6Zr2Sm2 和 Ni6Zr4 两种催化剂比较。176 h
的耐热试验中，连续在 923 K、973 K、1023 K 和 1073 K 每个温度点保持 24 h
再降回 573 K 后的活性测试结果表明，Ni6Zr2Yb2 催化剂上 CO 和 CO2 共甲烷化
反应的总转化率（X(CO&CO2)）一直保持在 89%以上，没有观察到失活的迹象。 
与 Ni6Zr2Yb2 催化剂上经过相同热处理操作后，在 573 K 下，Ni6Zr2Sm2 和
Ni6Zr4 催化剂上 CO 和 CO2 共甲烷化的总转化率分别只有 2.40%和 2.82%，这种
转化率的突然下降暗示着催化剂烧结失活。 
4. 催化剂的表征 
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从TEM和SEM图像可以看出，在V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5，0.1 












4.3 XRD 分析 
观测结果显示，工作态两种催化剂除了在2θ = 44.5º 和51.8º均出现金属Ni晶
粒的衍射峰外，无论是峰形还是峰的位置都有很大不同。根据文献，Ni6Zr2Yb2
催化剂在2θ = 29.9º, 34.6º, 49.9º和59.3º衍射峰可归属为立方相的Yb3+修饰ZrO2
（c-(Zr-Yb)Oy）。对于Ni6Zr4催化剂，在2θ = 30.1º, 50.1º 及60.1º为四方相ZrO2









变为7.8 nm和6.5 nm。Ni6Zr4催化剂在923 K工作24 h后，部分t-ZrO2转化为m-ZrO2，






















[Ni(2p3/2) = 856.4 eV(B.E.)]，（49.6 mol%），其次为Ni(OH)2[Ni(2p3/2) = 855.3 
eV(B.E.)]（38.8 mol%），Ni0[Ni(2p3/2) = 852.6 eV(B.E.)]（9.2 mol%）和NiO[Ni(2p3/2) 








4.5 H2(或 CO、CO2)-TPD 测试 
预还原催化剂的 H2(或 CO、CO2)-TPD 测试结果表面，经 Yb3+修饰后，
Ni6Zr2Yb2 催化剂对 H2(或 CO、CO2)的吸附能力提高，在 473∼973 K 的 CO 和 CO2
共甲烷化反应温度区间，两种催化剂 H2-TPD、CO-TPD 和 CO2-TPD 曲线的相对
强度为 INi6Zr2Yb2/INi6Zr4 = 100/70、100/80 和 100/66。这意味着两种催化剂工作态
表面氢吸附位、一氧化碳吸附位和二氧化碳吸附位浓度的高低为：Ni6Zr2Yb2 > 
Ni6Zr4，这与两种催化剂上 CO 和 CO2 共甲烷化反应活性的高低顺序相符。基于
以上 H2(或 CO、CO2)-TPD 的测试结果，在本文 CO 和 CO2 共甲烷化反应的条件
下，在 Ni6Zr2Yb2 催化剂工作态表面，存在着大量 H、CO 和 CO2 可逆吸附物种，
这将营造具有较高 H(a)、CO(a)和 CO2(a)物种稳态浓度的的表面微环境，从而有
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 研发出 CO 和 CO2 共甲烷化用的一种 Yb2O3 修饰的高效 Ni-ZrO2 催化剂； 
 在 CO 和 CO2 共甲烷化反应中，Ni6Zr2Yb2 催化剂的高催化剂活性和良好热稳
定性与以 c- ZrO2 结构存在的(Zr-Yb)Oy 的形成有关； 
 对于 Ni6Zr2Yb2 催化剂，Yb3+是 ZrO2 立方晶型结构的稳定剂。与 Sm2O3 相比，
Yb2O3 表现出更佳的促进作用，这可能是由于 Yb3+的离子半径比 Sm3+更接近
ZrIV，从而更多 Yb3+溶入 ZrO2 晶格，形成了以 c-ZrO2 结构形式存在的 Zr-Yb
氧化物，这是在 CO 和 CO2 共甲烷化反应中 Ni6Zr2Yb2 催化剂比 Ni6Zr2Sm2
催化剂表现出更高催化活性，尤其更高热稳定性的主要原因。 
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Extended Abstract  
Production of synthetic natural gas (SNG) using synthesis gas from coal or 
biomass via methanation draws much interest because of the larger abundance of 
these resources. SNG has the same properties (e.g., composition, heating value, and 
combustibility) as natural gas (>95% methane). The advantages of producing SNG 
include the high conversion efficiency, the existing gas distribution infrastructure such 
as pipelines, and the well-established and efficient end-use technologies. On the other 
hand, the conversion to CH4 allows for easy and effective carbon dioxide removal as 
the separation of a highly concentrated CO2-stream is inherent to all SNG-processes.  
The traditional catalyst for methanation is Ni supported on aluminum oxide. Ru 
and Co based catalysts are known to be more active than Ni catalyst but they are also 
significantly more expensive. Iron, however, is usually much less active and more 
prone to carbon deposition. The activity of supported Ni catalysts for CO methanation 
was strongly dependent on the type of catalytic supports, and the observed 
conversions of CO at 523 K were higher in the order of Ni/MgO < Ni/Al2O3 < 
Ni/SiO2 < Ni/TiO2 < Ni/ZrO2.  
Hashimoto et al. first reported the Ni/(Zr-Sm)Ox catalysts, of which the higher 
activity for the methanation of carbon dioxide was believed to be associated with the 
formation of (Zr-Sm)Ox having the tetragonal ZrO2 structure. A similar improvement 
in catalytic activity was also observed for the same reaction on Ni/meso-ZrO2 
catalysts in which the ZrO2 support was doped with Ce or Sm oxides. The 
methanation of CO and/or CO2 on Ni-based catalysts was also studied by others. 
Nevertheless, from the practical viewpoint, the activity, especially operation stability, 
of Ni-based catalysts can still be improved.  
In the present work, a type of highly efficient Ni-ZrO2 catalyst doped with Yb2O3 
was developed. The catalyst displayed higher activity and operation stability for the 
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Sm2O3-doped counterpart. The catalyst was characterized by means of TEM, XRD, 
XPS, H2-TPR and H2-TPD, and the nature of the promoter action by Yb2O3 was 
discussed. The progress obtained in the present work was briefly described as follows.   
1. Preparation of catalyst and optimization of catalyst composition 
1.1 Preparation of catalyst 
A series of Ni-ZrO2 catalysts doped with Yb2O3, denoted as NiiZrjYbk, were 
prepared by a constant-pH co-precipitation method. All samples of catalyst precursor 
were pressed, crushed, and sieved to a size of 40-80 mesh for the activity evaluation. 
1.2 Optimization of Ni/Zr molar ratio 
The activity of CO & CO2 co-methanation over a series of NiiZrj catalysts with 
varying Ni/Zr molar ratio (i/j) was first investigated. The results showed that CH4 was 
the only carbon-containing product. Among the seven tested catalysts of NiiZrj, Ni6Zr4 
showed the highest activity. Over this catalyst under the reaction conditions of 0.1 
MPa, 573 K, V(H2)/V(CO)/ V(CO2)/V(N2) = 75/15/5/5 and GHSV = 40000 mL h−1 
g−1 (outlet), X(CO) and X(CO2) reached 100% and 85.26%, respectively, with the 
corresponding space-time-yield of CH4 (denoted as STY(CH4)) being 8.953 g h–1 g–1. 
STY(CH4) of the other six catalysts with i/j = 4/6, 5/5, 5.5/4.5, 6.5/3.5, 7/3 and 8/2 
was 6.952, 7.961, 8.820, 8.894, 8.879 and 8.865 g h–1 g–1, successively, under the 
same reaction conditions.  
1.3 Optimization of Yb/Zr molar ratio 
We found that doping an appropriate amount of Yb2O3 into the Ni-ZrO2 based 
catalysts can significantly improve their activity and operation stability for the 
co-methanation of CO and CO2. The activity of seven catalysts of Ni6ZrjYbk with 
varying Yb/Zr molar ratio (k/j) was evaluated. The results showed that the catalyst 
with k/j = 2/2 displayed the optimal activity and operating stability. Over this catalyst 
under the aforementioned reaction conditions, X(CO) and X(CO2) reached 100% and 
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STY(CH4) of the other six catalysts with k/j = 0/4, 0.5/3.5, 1/3, 1.5/2.5, 2.5/1.5 and 
3/1 was 8.953, 8.993, 9.044, 9.077, 9.057 and 8.799 g h–1 g–1, successively, under the 
same reaction conditions. 
2. Reactivity of CO & CO2 co-methanation over the Ni6Zr2Yb2 
catalyst  
2.1 Varying GHSV of feed-gas   
The activity of CO & CO2 methanation over the Ni6Zr2Yb2 catalyst was tested 
with varying GHSV of the feed-gas under the reaction conditions of 0.1 MPa, 573 K 
and V(H2)/V(CO)/ V(CO2)/V(N2) = 75/15/5/5. The results showed that, with the GHSV 
rising progressively from 20000 mL h–1 g–1 (outlet), X(CO2) decreased monotonously 
and X(CO) and S(CH4) maintained continuously at a high level of ∼100%. Meanwhile, 
STY(CH4) was 4.680, 6.934, 9.110 and 11.115 g h–1 g–1, with the GHSV rising 
progressively from 20000 to 30000, 40000, and 50000 mL h–1 g–1 (outlet), 
successively. In order to simultaneously achieve relatively high X(CO), X(CO2) and 
S(CH4), as well as STY(CH4), GHSV of the feed-gas was set at 40000 mL h–1 g–1 
(outlet).  
2.2 Varying reaction temperature 
The activity of CO & CO2 co-methanation over the Ni6Zr2Yb2 catalyst was tested 
with time at varying reaction-temperatures (T) under the reaction conditions of 0.1 
MPa, V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5, GHSV = 40000 mL h−1 g−1 (outlet). 
During the reaction, when the co-methanation of CO and CO2 was maintained at 573 
K, X(CO) and X(CO2) remained stable at 100% and 89.38%, respectively, with the 
corresponding STY(CH4) being 9.110 g h–1 g–1. With T rising progressively to 673 K, 
773 K and 873 K, X(CO) maintained at 98.04%, 90.54% and 60.53%, successively, 
while X(CO2) descended to 64.74%, 30.24% and 17.24% successively. Shortly 
afterwards, with the reaction temperature decreased to 573 K, X(CO) and X(CO2) 
recovered to 100% and 87.32%, respectively. The descent of conversion of CO & CO2 
co-methanation at the high temperatures was most probably attributed to the 
thermodynamic equilibrium factor of these highly exothermic reactions.   
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Increasing the pressure is conducive to enhancing the conversion of CO, 
especially CO2, methanation. The result of activity evaluation showed that, over the 
Ni6Zr2Yb2 catalyst under the reaction conditions T = 573 K, 
V(H2)/V(CO)/V(CO2)/V(N2) = 75/15/5/5, GHSV = 40000 mL h−1 g−1 (outlet) and p = 
0.1, 0.5, 1, 2 MPa, STY(CH4) was 9.110, 9.277, 9.519, 9.524 respectively. Considering 
the high catalytic activity at o.1 MPa and the difficulty of operation under high 
pressure, 0.1 MPa was chosen as the experiment pressure. 
3. Thermal stability of the Ni6Zr2Yb2 catalyst and the reference 
systems  
Thermal stability of the Ni6Zr2Yb2 catalyst was tested under the reaction 
conditions of 0.1 MPa, V(H2)/V(CO)V(CO2)/V(N2) = 75/15/5/5, GHSV = 40000 mL 
h−1 g−1 (outlet) and T ranging in 573∼1073 K, and compared with that of the two 
reference systems, Ni6Zr2Sm2 and Ni6Zr4. During the 176 h of thermal stability test (i. 
e., duration of 18∼194 h after the reaction started), the Ni6Zr2Yb2 catalyst operated for 
co-methanation of CO & CO2 at T = 923, 973, 1023, and 1073 K, successively, with 
each T-point lasting 24 h followed by lowering the temperature to 573 K and 
measuring the reaction activity. The results showed that the total conversion of CO & 
CO2 (denoted as X(CO&CO2)) observed on this catalyst maintained continuously at a 
high level of ≥ 89%, with no sign of obvious deactivation observed.    
In contrast to the case of Ni6Zr2Yb2, X(CO&CO2) fell to 2.40% and 
2.82% over the Ni6Zr2Sm2 and Ni6Zr4, respectively (Fig. 2 (b) & (c)), 
following the similar procedures of testing. The sudden drop in X(CO&CO2) of 
these two catalysts implied that they were deactivated due to sintering.  
The TEM observation of the two catalysts tested for the methanation of CO 
& CO2 under the reaction conditions of 923 K for 24 h showed that, on the 
tested Ni6Zr2Yb2 catalyst, the Ni nanoparticles were fairly uniform in shape and 
size, and well dispersed on the (Zr-Yb)Oy. Treating Nix0/(Zr-Yb)Oy as a 
composite, the particle-size of most of the observed Nix0/(Zr-Yb)Oy was 
estimated to be in the range of 10∼20 nm. In contrast, on the tested Ni6Zr4 
catalyst, the particle size of most of the observed Nix0/ZrO2 was in the range of 
70∼90 nm, with most of Nix0 and ZrO2 separated from each other, implying that 
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aforementioned test of thermal stability of those catalysts.   
4. Characterization of the catalysts   
4.1 H2-TPR test  
H2-TPR profiles taken on the two catalysts in the oxidation state demonstrated 
that the addition of the appropriate amount of Yb2O3 to the Ni6Zr4 host catalyst led to 
lower reduction temperatures of the corresponding catalyst (with the 
reduction-starting temperature decreasing to 588 K from 603 K). The specific 
H2-consumed amounts of the two catalysts in the region of 573∼948 K were estimated, 
and their relative ratio was: SNi6Zr2Yb2/SNi6Zr4 = 100/85. This implied that the order of 
reducibility of the two catalysts was: Ni6Zr2Yb2 > Ni6Zr4. The lower reduction 
temperature would be beneficial to inhibiting the aggregation of Nix0 crystallites 
formed by H2-reduction, thus favorable to increasing the Ni0 exposed area, and 
subsequently, improving the catalyst activity for co-methanation of CO and CO2.   
4.2 XRD characterization of the catalysts 
The XRD analysis of the catalysts tested for CO & CO2 co-methanation under 
the aforementioned reaction conditions showed that, there were significant differences 
in the position and shape of the diffraction peaks between the XRD patterns of the 
Ni6Zr2Yb2 catalyst and the Ni6Zr4 host, except for the XRD peaks at 2θ = 44.5º and 
51.8º, which were due to metallic nickel crystallites. Referring to the literatures, the 
XRD peaks observed on the Ni6Zr2Yb2 at 2θ = 29.9º, 34.6º, 49.9º and 59.3º may be 
ascribed to the cubic Yb3+-doped ZrO2 (denoted as c-(Zr-Yb)Oy); the XRD peaks 
observed on the Ni6Zr4 at 2θ = 30.1º, 50.1º and 60.1º were due to the tetragonal ZrO2 
(denoted as t-ZrO2), and the XRD peaks at 2θ = 28.2º and 31.5º were due to the 
monoclinic ZrO2 (denoted as m-ZrO2).  
Habazaki et al. reported that transformation of t-ZrO2, the presence of which is 
responsible for high activity, to thermodynamically more stable m-ZrO2 during the 
reaction is the cause for the decrease in the activity, and that the higher activity of the 
Sm-containing catalyst (Ni/(Zr-Sm)Oy) is associated with the formation of the 
(Zr-Sm)Oy oxide with t-ZrO2 structure. In the present work, the phase-structure of the 
Zr-Yb oxide component in the Ni6Zr2Yb2 catalyst was cubic, somewhat different from 
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